Artesunate (ARS) induced significant reactive oxygen species (ROS) generation in HepG2, HeLa, and A549 lines. However, ARS induced ROS-dependent apoptosis in HeLa and A549 cell lines but ROS-independent apoptosis in HepG2 cells. A total of 200 μM hydrogen peroxide (H 2 O 2 ) significantly induced cytotoxicity in HeLa cells, while H 2 O 2 up to 300 μM did not induce cytotoxicity in HepG2 cells, further demonstrating the strong resistance of HepG2 cells to ROS. HeLa cells had much higher basic total glutathione (T-GSH) level than HepG2 cells, while the ratio of basic reduced glutathione (GSH)/oxidized glutathione (GSSG) in HepG2 cells was nearly twice than that in HeLa and A549 cells. Inhibition of glutathione markedly enhanced H 2 O 2 -or ARS-induced cytotoxicity in HeLa and A549 cell lines but modestly enhanced the cytotoxicity of H 2 O 2 and even did not affect the cytotoxicity of ARS in HepG2 cells. Moreover, addition of GSH remarkably prevented H 2 O 2 -or ARS-induced cytotoxicity in HeLa and A549 cell lines, further indicating the involvement of GSH in scavenging ROS in the two cell lines. HepG2 cells exhibited higher catalase activity than HeLa cells, and inhibiting catalase activity by using 3-aminotriazole (3-AT, a specific inhibition of catalase) or catalase siRNA remarkably reduced the resistance of HepG2 cells to ROS, demonstrating the key roles of catalase for the strong resistance of HepG2 cells to ROS. Collectively, catalase activity instead of glutathione level dominates the resistance of cells to ROS.
Introduction
Reactive oxygen species (ROS) play an important role in numerous physiological and pathological processes (Niess et al. 1999) . Various antitumor agents induce ROS-mediated cell apoptosis (Wang and Yi 2008; Fang et al. 2007; Cheng et al. 2013; Sun et al. 2011) . Taxol and arsenic trioxide (As 2 O 3 ) induce apoptosis through a ROS-dependent pathway in some cell lines (Sun et al. 2011; Lee 2015; Wang et al. 2004; Meshkini and Yazdanparast 2012; Woo et al. 2002) . Our previous publications have reported that dihydroartemisinin (DHA), an artemisinin derivative, induced ROS-dependent apoptosis in A549 cells (Chen et al. 2013 ). However, Park et al. (2004) reported that taxol induced ROS-independent apoptosis in T lymphoblastic leukemia cells, and DHA induced ROS-independent apoptosis in HL-60 leukemia cells (Lu et al. 2008; Hou et al. 2004) . Alía et al. (2005) found that HepG2 cells were resistant to hydrogen peroxide (H 2 O 2 , a ROS donor). We recently also found that artesunate (ARS) induced ROS-dependent apoptosis in Hep3B and A549 cells but ROS-independent apoptosis in HepG2 cells (Zhuo et al. 2012; Qin et al. 2015; Pang et al. 2016) .
Glutathione, one of the most important scavengers of ROS, is generally considered to be correlated with the resistance of cells to ROS. ROS-resistant cell lines showed high level of glutathione (Spitz et al. 1995; Yae and Tsuchihashi 2012) . Spitz and coworkers (Spitz et al. 1995 (Spitz et al. , 1988 found that H 2 O 2 -resistant OC-14 cells had a twofold glutathione level than H 2 O 2 -sensitive HA-1 cells. Cai et al. (2000) found that As 2 O 3 -sensitive cells had lower glutathione level than the As 2 O 3 -resistant cells. Furthermore, reducing intracellular glutathione can increase the sensitivity of cells towards ROS (Spitz et al. 1995; Kiesslich et al. 2005) . Therefore, glutathione depletion is a potential strategy to sensitize drug-resistant tumor cells (Davison et al. 2003; Rudin et al. 2003; Schnelldorfer et al. 2000) . In addition to the glutathione level, catalase activity is also related to the resistance of cells to ROS. H 2 O 2 , a kind of ROS, can react with iron ion to produce hydroxyl radicals ( . OH), one of the most active and most cytotoxic free radical (Madeo et al. 1999; Koppenol 2001) . Catalase, a scavenger of H 2 O 2 , efficiently decomposes H 2 O 2 to water and dioxygen to protect cells against H 2 O 2 stress (Martins and English 2014) . It was reported that H 2 O 2 -resistant cells exhibited high catalase activity (Spitz et al. 1992; Kasugai and Yamada 1992; Dejeans et al. 2012) , and inhibition of catalase activity increased the sensitivity of the cells to H 2 O 2 (Smith et al. 2007 ). CHOr cells, exhibiting more 4.3-fold catalase activity than CHOs cells, were more resistant to H 2 O 2 than the CHOs cells (Keizer et al. 1998) . Smith et al. (2007) found that glioma cells with high catalase activity were extremely resistant to oxidative stress, and inhibiting catalase activity significantly increased sensitivity of the glioma cells to H 2 O 2 .
We here evaluate the effect of intracellular glutathione and catalase on the resistance of cancer cells to ROS in HepG2, HeLa, and A549 cell lines. In contrast to the important role of ROS in ARS-induced apoptosis in HeLa and A549 cells, ROS did not participate in ARS-induced apoptosis in HepG2 cells. Moreover, HepG2 cells exhibited the strongest resistance to H 2 O 2 among the three cell lines. Although HepG2 cells have much lower glutathione level than HeLa cells, this cell line exhibited higher catalase activity than HeLa cells. Furthermore, inhibiting catalase by using 3-AT or catalase siRNA significantly reduced the resistance of HepG2 cells to H 2 O 2 or ARS-induced ROS. In contrast to the important role of glutathione for the resistance of HeLa cells to ROS, reducing intracellular glutathione level had less effect on the resistance of HepG2 cells H 2 O 2 and even had no effect on the resistance of this cell line to ARS-induced ROS. These findings indicate that catalase activity instead of glutathione level play a key role for the resistance of cells to ROS.
Material and methods

Materials
ARS was from Holleypharm (Chongqing, China). Working solutions were prepared as described previously and diluting it with culture medium to different concentration before experiments (Pang et al. 2016) . The final concentration of dimethylsulfoxide (Sigma, USA) was less than 1% in all experiments. 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA), N-acetyl-cysteine (NAC), L-buthionine-sulfoximine (BSO), and 3-aminotriazole (3-AT) were purchased from Sigma (St. Louis, USA). Hydrogen peroxide (H 2 O 2 ) was purchased from Guangzhou chemical reagent factory (Guangzhou, China) . Reduced glutathione (GSH) was from Jian Yang Biotechnology (Guangzhou, China). Dulbecco's modified Eagle Medium (DMEM) was from Gibco (Carlsbad, California, USA). Fetal bovine serum (FBS) was from Sijiqing (Hangzhou, China).
Cell lines and cell culture
HepG2 cells and HeLa cells were obtained from the Department of Medicine, Jinan University, Guangzhou, China. A549 cells were purchased from Cell Bank of CAS (Shanghai, China). Cells were cultured in DMEM supplemented with 10% fetal bovine serum and antibiotics (100 U/ ml penicillin and 100 U/ml streptomycin). All cells were grown in a humidified incubator with 5% CO 2 at 37°C.
Cell viability assay
Cell viability was detected by Cell Counting Kit-8 (CCK-8, Beyotime Institute of Biotechnology, China) assay according to the manufacture's protocol as described previously (Lu et al. 2009 ). Briefly, cells were seeded in 96-well plates for 24 h and subjected to the indicated treatment, and viable cells were assessed by absorbance measurements at 450 nm using an auto-microplate reader (infinite M200, Tecan, Austria).
Fashion of cells death detection
Fashion of cells death was analyzed by double staining with Hoechst 33258 and PI using fluorescence microscopy (Olympus, IX73, Hamburg, Japan). Cells were defined as apoptotic if they exhibited characteristic changes in apoptosis such as chromatin condensation and margination, nuclear fragmentation, and the appearance of apoptotic bodies, as visualized with Hoechst 33258 (Rogalska et al. 2011) . Necrotic cells were defined as nuclear PI positive without condensed chromatic or apoptotic bodies. Cells without apoptotic or necrotic features were considered viable (Li et al. 2005) . A minimum of 200 cells were counted for each treatment. The numbers of normal, necrotic, and apoptotic cells were calculated as a percentage of total cells. In brief, cells were grown on confocal dishes for 24 h. After being subjected to the indicated treatment, the cells were washed with PBS one or two times and incubated with 20 μg/ml Hoechst 33258 and 10 μg/ml PI for 20 min at 37°C in the dark, respectively. Cells were then washed three times with PBS and visualized by Olympus fluorescence microscope.
Detection of intracellular ROS
Intracellular ROS generation was measured by flow cytometry (FCM) with an oxidation-sensitive probe DCF-DA, which is cleaved by non-specific esterases and converts to highly fluorescent DCF upon oxidation by ROS. Cells were seeded in 6-well plates for 24 h and treated with indicated treatment, and then the cells were stained with 20 μM DCF-DA in PBS for 30 min in the dark. Then cells were harvested and rewashed with PBS three times, oxidation-induced increase of DCF fluorescence was assayed by FCM subsequently.
Measurement of intracellular glutathione
Intracellular glutathione level was measured using GSH and GSSG Assay Kit (Beyotime Institute of Biotechnology, China) according to the manufacturer's instructions. Cell cultured in 6-well plates were subjected to the indicated treatments, and collected and washed with PBS two times. Total glutathione (T-GSH) was assayed using the 5,5-dithio-bis (2-nitrobenzoic) acid (DTNB)-GSSG reductase recycling. Oxidized disulfide (GSSG) was measured by measuring 5-thio-2-nitrobenzoic acid (TNB) produced from the reaction of reduced glutathione (GSH) with DTNB. The rate of TNB formation was measured at 412 nm by the auto-microplate reader. The concentrations of GSH were obtained by the GSSG levels from the T-GSH (GSH = T-GSH-2 × GSSG). Samples were normalized to protein concentration determined by using the BCA method.
Catalase activity assay
Catalase activity was assayed by using a catalase analysis kit (Beyotime Institute of Biotechnology, China) according to the manufacturer's instructions. Briefly, cells were cultured in 6-well plates and subjected to the indicated treatments. Then cells were lysed on ice for 30 min by RIPA lysis reagent. Cell lysates were treated with H 2 O 2 for 3 min, and then the residual H 2 O 2 was combined with a substrate to produce N-4-antipyryl-3-chloro-5-sulfonate-p-benzoquinonemonoimine, which has an absorption maximum at 520 nm. Catalase activity was determined by measuring the decomposition of H 2 O 2 in an auto-microplate reader (infinite M200, Tecan, Austria). The protein concentration was measured with the BCA method.
Silencing of catalase with siRNA
Cells were cultured on 12-well plates (4 × 10 4 / well) and grown overnight to reach 60-70% confluence. Cells were transfected with serum-free DMEM containing non-specific (siCON) and catalase-specific siRNA (siCAT) (igeBio, Guangzhou, China) using lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer's recommendations. The cells were collected 36 h after transfection, and processed in the following experiments. Changes in catalase expression were determined by western blot.
Western blotting analysis
Cells were collected and resuspended in ice-cold whole cell lysis buffer (Triton X-100 plus protease inhibitor cocktail). Equal amount of total protein, quantified by using the BCA method, was separated by SDS-PAGE electrophoresis and transferred on to polyvinylidene fluoride (PVDF) membranes according to standard techniques. Membranes were probed with the indicated primary antibodies (rabbit anti-catalase, 1:1000, CST, USA) overnight at 4°C followed by 1-h incubation at room temperature with fluorescent secondary antibodies. Finally, the membranes were scanned using Odyssey Infrared Imaging System (LI-COR Biosciences, Nebraska, USA). GAPDH was used as loading control.
Statistics
Data were presented as mean ± SD from at least three independent experiments and analyzed using Student's t test. Statistical and graphic analyses were done using the software SPSS19.0 (SPSS, Chicago) and Origin 8.0 (Origin Lab Corporation). P< 0.05 was defined as statistical significance.
Results
Roles of ROS in ARS-induced apoptosis in three cancer cell lines
We firstly assessed the cytotoxicity of ARS in three kinds of cancer cell lines (HepG2, HeLa, A549) using CCK-8 assay. Treatment with different concentration (10-150 μM) of ARS for 48 h or 60/100 μM of ARS for different times (0-60 h) induced dose-and time-dependent cytotoxicity (Fig. 1a, b) . A total of 60 μM ARS were adopted for HepG2 cells and 100 μM ARS were adopted for A549/HeLa cells in the following experiments without specific indication. We next examined the fashion of ARS-induced cell death by staining with Hoechst 33258 and PI. Microscopic imaging of cells showed apoptosis-related chromatin condensation and margination in ARS-treated cells (Fig. 1c) . To explore whether ROS was involved in ARS-induced apoptosis, we detected intracellular ROS level by FCM analysis with DCF-DA staining. Our results showed that ARS induced significant increase of intracellular ROS and pretreatment with 10 mM NAC, a widely used ROS scavenger, completely neutralized ARSinduced ROS generation (Fig. 1d) . Moreover, pretreatment with NAC significantly inhibited ARS-induced cytotoxicity in HeLa and A549 cells, but did not affect ARS-induced cytotoxicity in HepG2 cells (Fig. 1e) . These data demonstrated that ARS induced ROS-dependent apoptosis in both HeLa and A549 cell lines but ROS-independent apoptosis HepG2 cell line.
Much stronger resistance of HepG2 cells to hydrogen peroxide (H 2 O 2 ) than HeLa cells
To compare the sensitivity of HeLa cells and HepG2 cells to ROS, we firstly used CCK-8 assay to assess H 2 O 2 -induced cytotoxicity in the two cell lines. After treatment with H 2 O 2 for 24 h, CCK-8 assays showed that 200 μM H 2 O 2 induced a significant cytotoxicity in HeLa cells, while 300 μM H 2 O 2 did not induce cytotoxicity and even 400 μM H 2 O 2 only induced a 10.99% of decrease in HepG2 cell viability (Fig. 2a) , demonstrating the much stronger resistance of HepG2 cells to H 2 O 2 than HeLa cells. We also exposed HeLa and HepG2 cells respectively to 300/400 μM H 2 O 2 for different treatment times (6, 12, 18, 24, 30 h) , and found that treatment with H 2 O 2 for 6 h decreased cell viability to the lowest in HeLa cells but only induced a about 30% of decrease in cell viability in HepG2 cell (Fig. 2b) , further demonstrating that HepG2 cells had much stronger resistance to H 2 O 2 than HeLa cells. A total of 300 μM H 2 O 2 were adopted for HeLa cells and 400 μM H 2 O 2 were adopted for HepG2 and A549 cells in the following experiments without specific indication.
We next used Hoechst 33258 and PI staining to detect the fashion of H 2 O 2 -induced cell death and mortality in the two cancer cell lines. We found that after treatment with 300 μM for 24 h, 43.96% HeLa cells showed apoptosis-related chromatin condensation, while HepG2 cells were almost completely alive (Fig. 2c, d ). In addition, we also examined the fashion of 500 μM H 2 O 2 -induced cell death in HepG2 (Fig. 2c, d ). These data further demonstrated the strong resistance of HepG2 cells to H 2 O 2 .
Intracellular glutathione plays an important role for the sensitivity of HeLa and A549 cells to ROS Intracellular glutathione exists mainly in two forms: reduced glutathione (GSH), the biological active form, and oxidized glutathione (GSSG) (Adeoye et al. 2017) . GSH/GSSG ratio, often used as a representative maker of the cellular redox state, is the main redox couple that determines the antioxidative capacity of cells ). We firstly detected T-GSH (total glutathione) level and GSH/GSSG ratio in the three cancer cell lines. To our surprise, the basic T-GSH level in HeLa cells was more twice than that of HepG2 cells, and the basic T-GSH level in A549 cells was similar to that of HepG2 cells (Fig. 3a) . Treatment with BSO, a glutathione synthesis inhibitor, almost completely reduced the T-GSH level in the three cancer cell lines (Fig. 3a) . Interestingly, treatment with GSH increased the T-GSH level in HepG2 but significantly reduced the T-GSH level in HeLa cells (Fig. 3a) . As shown in Fig. 3b , the basic GSH/GSSG ratio in HepG2 cells was nearly twice than that in HeLa and A549 cells, and treatment with GSH increased the GSH/GSSG ratio in HeLa and A549 cells, while treatment with BSO increased the GSH/GSSG ratio in HeLa cells but reduced the GSH/GSSG ratio in A549 and HepG2 cells. These data implicate that the GSH/GSSG ratio instead of the T-GSH level is associated with the resistance of cells to ROS.
We next assessed the effects of BSO (100~300 μM) on the H 2 O 2 -induced cytotoxicity. As shown in Fig. 3c , pretreatment with BSO larger than 100 μM almost completely eliminated the resistance of HeLa and A549 cells to H 2 O 2 , and only partially but significantly eliminated the resistance of HepG2 cells to H 2 O 2 . We also assessed the influence of GSH pretreatment on the cytotoxicity of H 2 O 2 , and found that in contrast to the significant protective effect of GSH on the H 2 O 2 -induced cytotoxicity in HeLa and A549 cell lines, GSH pretreatment only had a very modest protective effect to the H 2 O 2 -induced (Fig. 3d) , further demonstrating the important role of glutathione in H 2 O 2 -induced cytotoxicity in HeLa and A549 cells.
We finally assessed the effect of GSH and BSO respectively on the cytotoxicity of ARS. As shown in Fig. 3e , pretreatment with 5 mM GSH or 100 μM BSO did not affect the cytotoxicity of ARS in HepG2 cells, while pretreatment with GSH significantly reduced the cytotoxicity of ARS in both HeLa and A549 cell lines, and pretreatment with BSO significantly enhanced the cytotoxicity of ARS in the two cell lines, demonstrating that glutathione played an key role in ARSinduced cytotoxicity in both A549 cell and HeLa cell lines, but did not mediate the ARS-induced cytotoxicity in HepG2 cells.
Catalase activity dominates the resistance of cells to ROS
Catalase, another important antioxidant enzyme, protects cells by degrading H 2 O 2 into H 2 O and O 2 (Vetrano et al. 2005) . To explore whether the resistance of cells to ROS is related to catalase activity, we firstly examined catalase activity in the presence or absence of 3-aminotriazole (3-AT, a catalase inhibitor). HepG2 and A549 cells had higher basic catalase activity than HeLa cells, and pretreatment with 5 or 10 mM 3-AT significantly inhibited catalase activity in the three cancer cell lines (Fig. 4a) . We next assessed the effects of pretreatment with 3-AT on the cytotoxicity induced by H 2 O 2 , and found that pretreatment with 5 mM 3-AT almost Fig. 3 Intracellular glutathione plays an important role for the sensitivity of Hela and A549 cell lines to ROS. a and b Intracellular total glutathione (T-GSH) level (a) and GSH/GSSG ratio (b) in the absence or presence of GSH or BSO. Cells were treated with 100 μM BSO for 12 h and 5 mM GSH for 2 h, respectively, and then were detected the intracellular T-GSH level (a) and GSH/GSSG ratio (b) in the three cancer cell lines. c Inhibition of glutathione by BSO markedly enhanced H 2 O 2 -induced cytotoxicity in Hela and A549 cell lines but modestly enhanced cytotoxicity of H 2 O 2 in HepG2 cells. d Addition of GSH remarkably prevented H 2 O 2 -induced cytotoxicity in Hela and A549 cell lines. Cells were preincubated with different concentration of BSO for 12 h (c) and GSH for 2 h (d), respectively, and then treated with H 2 O 2 for 24 h before CCK-8 assay. e GSH played an important role in ARS-induced cytotoxicity in Hela and A549 cell lines but was not involved in ARS-induced cytotoxicity in HepG2 cells. Cells were pre-incubated with 5 mM GSH and 100 μM BSO, respectively, and then treated with ARS for 48 h. Those results represent duplicates with three independent experiments. NS, no statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with control; # P < 0.05, ## P < 0.01, and ### P < 0.001, compared with H 2 O 2 or ARS treatment alone completely counteracted the resistance of HepG2 cells and A549 cells to H 2 O 2 , but did not influence the cytotoxicity of H 2 O 2 in HeLa cells (Fig. 4b) , illustrating that catalase activity played a dominant role on the resistance of HepG2 and A549 cells instead of HeLa cells to H 2 O 2 . In addition, 3-AT pretreatment significantly enhanced the cytotoxicity of ARS in HepG2 cells and A549 cells but did not affect the ARSinduced cytotoxicity in HeLa cells (Fig. 4c) , indicating that catalase activity does not participate in ARS-induced cytotoxicity in HeLa cells but plays an important role in ARSinduced cytotoxicity in HepG2 and A549 cells.
In order to further verify the dominant role of catalase in the resistance of cells to ROS induced by H 2 O 2 and ARS, we also used catalase siRNA (siCAT) as a catalase inhibition to assess the effect of inhibition of catalase on the cytotoxicity induced by H 2 O 2 and ARS. Firstly, Western blotting was used to assess the efficiency of siCAT suppression, and 50 nM siCAT significantly inhibited catalase level in the three cancer cell lines. We next assessed the effects of silencing catalase with siCAT on the cytotoxicity induced by H 2 O 2 and ARS. As shown in Fig. 4e and f, silencing catalase significantly enhanced the cytotoxicity of H 2 O 2 and ARS in the three cell lines, further demonstrating the notion that catalase play a dominant role in the H 2 O 2 -and ARS-induced cytotoxicity.
Discussion
In this study, we evaluate the effect of intracellular glutathione and catalase on the resistance of cancer cells to ROS in HepG2, HeLa, and A549 cell lines. HepG2 cells showed the strongest antioxidant capacity, and HeLa cells exhibited the weakest antioxidant capacity. Intracellular catalase activity dominates the resistance of HepG2 cells to ROS, while intracellular glutathione dominates the sensitivity of HeLa cells to ROS, and only play a modest role for the resistance of HepG2 cells to ROS. In addition, both glutathione and catalase activity play an important role for the sensitivity of A549 to ROS.
Our data, that BSO pretreatment significantly enhances the cytotoxicity of H 2 O 2 (Fig. 3c ) and GSH pretreatment completely counteracts H 2 O 2 -induced cytotoxicity (Fig. 3d) in HeLa cells, indicate that intracellular glutathione plays an important role in mediating the sensitivity of HeLa cells to ROS, which was further verified by the fact that altering intracellular glutathione level by pretreatment with GSH or BSO analyzed by Western blotting analysis, and the values were normalized to GAPDH. e and f Effect of silencing catalase on the cytotoxicity of H 2 O 2 (e) and ARS (f). Cells were transfected with non-specific (siCON) and catalase-specific siRNA (siCAT) plasmids respectively before treatment with H 2 O 2 for 24 h (e) and ARS (f) for 48 h. Cells transfected with siCON were used as negative control. Those results represent duplicates with three independent experiments. NS, no statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001, compared with control or siCON; # P < 0.05, ## P < 0.01, and ### P < 0.001, compared with H 2 O 2 or ARS treatment alone; significantly affected the sensitivity of both HeLa and A549 cell lines to ARS (Fig. 3e) . It is seem reasonable that the ROSresistant cells have higher level of glutathione than the ROSsensitive cells (Arrick et al. 1982; Davison et al. 2003; AlQenaei et al. 2014) . However, some studies showed that the level of glutathione in some ROS-resistant cells is indistinguishable from, or even lower than that of ROS-sensitive cells (Dejeans et al. 2012; Andreoli et al. 1992) . Dejeans et al. (2012) found that ROS-resistant MCF-7 breast cancer cells and normal MCF-7 cells had equivalent level of glutathione. Although HepG2 had much lower T-GSH level than that of HeLa cells (Fig. 3a) , HepG2 cells exhibited much stronger resistance than HeLa cells to H 2 O 2 ( Fig. 2a-d) , indicating that the strong resistance of HepG2 cells to ROS may be independent of the high levels of glutathione. Moreover, in contrast to the significantly protective effect on H 2 O 2 -induced cytotoxicity in HeLa cells, GSH pretreatment had modest protective effect in HepG2 cells and BSO pretreatment also exhibited modest enhancement in the cytotoxicity of H 2 O 2 in HepG2 cells than that of HeLa cells (Fig. 3c, d ), further demonstrating that glutathione does not dominate the resistance of HepG2 cells to ROS, which was further verified by the fact that pretreatment with BSO and GSH did not affect the cytotoxicity of ARS in HepG2 cells (Fig. 3e) .
Our observations suggest that the GSH/GSSG ratio instead of the T-GSH level may determine the antioxidant capacity of glutathione. Although GSH pretreatment decreased the T-GSH level of HeLa cells (Fig. 3a) , this treatment significantly increased the GSH/GSSG ratio (Fig. 3b) and the resistance of HeLa cells to H 2 O 2 (Fig. 3d) . Moreover, GSH pretreatment remarkably enhanced the resistance of HeLa cells to ARS (Fig. 3e) , which may be due to the increased GSH/GSSG ratio (Fig. 3b) . Although the T-GSH level of HepG2 cells is much lower than that of HeLa cells, the GSH/GSSG ratio of HepG2 cells is nearly twice times than that of HeLa cells (Fig. 3a, b) , which may determine the resistance of HepG2 cells to ROS and the sensitivity of HeLa cells to ROS (Fig. 2a-d) . However, BSO pretreatment increased the GSH/GSSG ratio in HeLa cells (Fig. 3b) but significantly enhanced the cytotoxicity of both H 2 O 2 and ARS (Fig. 3c, e) , which may be due to the too low glutathione level by BSO pretreatment (Fig. 3a) to scavenge ROS.
Our data, that pretreatment with 3-AT significantly inhibits the catalase activity (Fig. 4a) and silencing catalase significantly decreased catalase level (Fig. 4d) , and both inhibition completely counteract the resistance of HepG2 cells to H 2 O 2 ( Fig. 4b and e) , support the view that catalase activity dominates the resistance of HepG2 cells to ROS. It was reported that ROS-resistant cells exhibited high catalase activity (Kasugai and Yamada 1992; Dejeans et al. 2012) . Moreover, Lenehan and coworkers (1995) found that multidrug-resistant human leukemia cells (HL-60/AR) showed more 10-fold resistance to H 2 O 2 than drug-sensitive HL-60 cells, and inhibition of catalase activity diminished the resistance of HL-60/ AR to H 2 O 2 by more than 80%. Pretreatment with 5 mM 3-AT or silencing catalase significantly not only inhibited catalase ( Fig. 4a and d ) in HepG2 and A549 cells but also enhanced their sensitivity to ARS (Fig. 4c) , further demonstrating the key role of catalase activity for the resistance of both HepG2 and A549 cell lines to ROS.
Antioxidant action of glutathione redox cycle and catalase, two main intracellular antioxidant systems (Jafri 2014) hydroxyl radical (
• OH) (And and Gallard 1999) , one of the strongest oxidants in nature. HepG2 cells exhibited higher catalase activity than HeLa cells (Fig. 4a) , which was consistent with previous report that the catalase activity of HepG2 cells was more four times than that of HeLa cells (Duthie et al. 1997) . Combining the fact that inhibiting catalase activity significantly enhanced the sensitivity of HepG2 cells to H 2 O 2 and ARS (Fig. 4b, c) , the strong resistance of HepG2 cells to H 2 O 2 (Fig. 2a-d) and ARS-induced ROS-independent apoptosis in HepG2 cells (Fig. 1c-e) were consistent with our previous findings (Qin et al. 2015; Pang et al. 2016) , which may be ascribed to the high catalase activity of this cell line to rapidly scavenge H 2 O 2 . In contrast, HeLa cells has too low catalase activity to effectively scavenge H 2 O 2 , thus most of H 2 O 2 react with intracellular iron ions to produces a mass of hydroxyl radical (
• OH) to kill cells. Our recent study demonstrated that Fenton reaction between iron ions and H 2 O 2 produces
• OH which dominates the SNP-induced induce apoptosis in chondrocyte (Quan et al. 2016) , which may be the reason why HeLa cells showed more sensitivity to H 2 O 2 ( Fig. 2a-d ) and ARS induced a ROS-dependent apoptosis in HeLa cells (Fig. 1c-e) . The fact that pretreatment with GSH significantly enhances the antioxidant capacity of HeLa cells (Fig. 3b) can be explained as follows: the increased antioxidant capacity of glutathione competes with the iron ions to react with H 2 O 2 to produce H 2 O.
However, the facts that A549 cells have higher basic catalase activity (Fig. 4a) but lower resistance to ROS (Fig. 1c-e) than HepG2 cells indicate that in addition to the high catalase activity, there are other factors to determine the resistance of cells to ROS. It was reported that H 2 O 2 larger than 100 μM can lead to the irreversible inactivation of catalase (Lardinois et al. 1996) . Our data that HepG2 cells have remarkable resistance to H 2 O 2 within 300 μM (Fig. 2a-d ) support a conjecture that HepG2 cells have a mechanism to maintain catalase activity. Glutathione peroxidases (GPx), a key antioxidant enzyme in glutathione redox cycle, can catalyze the translation of H 2 O 2 to H 2 O by GSH (Gao et al. 2014) . Inhibiting GPx activity can not only decrease the ability of catalase to decompose H 2 O 2 to H 2 O (Sokolova et al. 2001 ) but also increase the sensitivity of mature OLs cells to H 2 O 2 (Baud et al. 2004) . It was reported that the GPx activity of HepG2 cells was 10,350 ± 85.21 U/mg protein (Ramyaa et al. 2014) , much higher than the 3395.86 ± 1.16 U/mg protein in A549 cells (Kalaivani et al. 2014) . Therefore, we here speculate that although A549 cells possessed the higher catalase activity than HepG2 cells, the low GPx activity in A549 cells does not prevent the H 2 O 2 -dependent inactivation of catalase, while the high GPx activity in HepG2 cells prevents the H 2 O 2 -depenednt inactivation of catalase, resulting in the sensitization of A549 cell line to ROS and the strong resistance of HepG2 cells to ROS (Fig. 1c-e) .
According to our data, we summarize the antioxidant mechanisms of the three cancer cell lines in Fig. 5 . In HepG2 cells, catalase instead of glutathione redox cycle efficiently scavenges H 2 O 2 , thus dominating the strong resistance of HepG2 cells to ROS. HeLa cells exhibit a weak resistance to ROS due to the low catalase activity, in which catalase activity only partially scavenges H 2 O 2 and glutathione redox cycle plays a modest role in scavenging H 2 O 2 . In A549 cells, both the glutathione redox cycle and catalase activity only play a modest role in scavenging H 2 O 2 , resulting in the high sensitivity of A549 cells to ROS. Collectively, catalase activity instead of glutathione level plays a key role for the resistance of cells to ROS.
